Abstract: Ethylene -methyl methacrylate block copolymers are semicrystalline polymers that dissolve in organic solvents only at high temperatures. Accordingly, microstructure analysis by solution methods must be conducted at temperatures above 130°C. For the analysis of block copolymers of different compositions several analytical techniques were used, including high-temperature size-exclusion chromatography (SEC), hyphenated SEC-FTIR, and CRYSTAF (crystallisation analysis fractionation). While SEC with refractive index detection indicated a certain multimodality of the samples, SEC coupled with FTIR revealed that the samples were chemically inhomogeneous and may contain homo-and copolymer fractions. The presence of polyethylene and poly(methyl methacrylate) homopolymers in the copolymer samples was confirmed by CRYSTAF analysis, when the total concentration as well as the carbonyl group distribution were monitored separately. Chromatographic separation of the different sample components was achieved when liquid chromatography at critical conditions (LC-CC) was used. For the first time, true high-temperature LC-CC methods were developed operating at a column temperature of 140°C. As the stationary phase, silica gel was used. Suitable mobile phases were binary mixtures of 1,2,4-trichlorobenzene or 1,2-dichlorobenzene with cyclohexanone. Using LC-CC, the samples were separated into the copolymer and the homopolymer fractions.
Introduction
Copolymers of ethylene and polar monomers possess attractive physical and chemical properties. The synthesis of other copolymers is an active research field in academia [1] [2] [3] [4] . The majority of these copolymers have random structures, while block and graft copolymers have been obtained in a few cases. The synthesis of block copolymers using metallocene catalysts has been published recently [1, 3, 5, 6 ].
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Out of the large variety of liquid chromatographic techniques so far only sizeexclusion chromatography (SEC) has been used for the analysis of polyolefins and their copolymers [7] . SEC has to be conducted at temperatures of 130 -140°C due to the limited solubility of the polyolefin samples. SEC enables to obtain a more or less correct estimation of the molar mass distribution of copolymer samples, while information on chemical composition cannot be obtained. The coupling of SEC and FTIR is a powerful technique for profiling the chemical composition as a function of molar mass. The coupling can be achieved via a flow-through cell or via the LC-transform interface. Despite the significant advantages of SEC-FTIR compared to conventional methods there are comparatively few applications of this hyphenated technique for the analysis of polyolefins [8] [9] [10] [11] .
In addition to chromatographic techniques, there are other separation methods that can be used for the analysis of polyolefins [12] . Temperature rising elution fractionation (TREF) [13, 14] and crystallization fractionation (CRYSTAF) [15, 16] separate polyolefins on the basis of crystallizability and are especially useful for the characterization of the chemical composition distribution of polyolefins.
For amorphous polymers various liquid chromatographic systems are known, which enable to separate copolymers according to chemical composition [17, 18] . For the characterization of polyethylene (PE) copolymers only in exceptional cases interactive liquid chromatography has been used. Recently, Lyons et al. [19] described the separation of pseudorandom copolymers of ethylene and styrene by gradient liquid chromatography. The polymer samples were successfully separated according to their chemical composition at 30 and 80°C on silica or chemically modified silica gel column packing material. The mobile phases consisted of acetonitrile, tetrahydrofuran, n-hexane, chloroform and cyclohexane. The separation of semi-crystalline copolymer samples with higher contents of ethylene has not been shown yet, eventually, due to the limited solubility of the samples at low temperatures.
It is known that liquid chromatography at critical conditions (LC-CC) enables the separation of macromolecules according to chemical composition or functional groups irrespective of molar mass [16, 17, 20] . Although the majority of published systems under critical conditions were measured at room temperature, it has been shown that high-temperature LC-CC is feasible [21] . Work on the application of LC-CC for the separation of polyolefin copolymers was, however, never attempted. In this article we report on chromatographic conditions for the separation of ethylenemethyl methacrylate block copolymers by high-temperature LC-CC for the first time.
Results and discussion

High-temperature SEC and SEC-FTIR
The block copolymers of ethylene and methyl methacrylate (MMA) were synthesized with zirconocene-based catalysts [6] . The active catalyst species was generated in situ from the reaction between Me 2 C(Cp)(Ind)ZrMe 2 and B(C 6 F 5 ) 3 in toluene. The reaction conditions are shown in Tab. 1.
The block structure is achieved by sequential addition of ethylene, followed by MMA after a predetermined time interval. 13 C and 1 H NMR spectroscopy revealed the isotactic stereoregularity of the MMA block in the system and the formation of block copolymers. As a bulk technique, NMR could not reveal the presence of homopolymer species in the polymer samples. First information on the molecular heterogeneity of the copolymer samples can be obtained by SEC. Separating with regard to the molecular size in solution, SEC yields information on the polydispersity of the samples. As can be seen in Fig. 1 , significantly different distributions are obtained for the different samples. Samples T9 and T11 exhibit rather uniform distribution curves that could be typical of copolymer structures. Different from these samples, sample T1 appears as a trimodal distribution, while sample T8 shows a multimodal profile. This multimodality could be an indication of the formation of fractions of different molar masses, e.g., homopolymers. Detector Signal (mV) Using the experimental set-up with refractive index (RI) detector, information on the chemical composition of the different molar mass fractions cannot be obtained. This type of information is accessible when SEC is coupled to FTIR spectroscopy. The most feasible way of coupling the two techniques is by using the LC-transform interface [22] [23] [24] . In this case, the eluate from SEC separation is sprayed onto a rotating Germanium disc through a heated nebulizer nozzle. The solvent is evaporated and the polymer fractions are deposited on the disc as a thin solid film. After all fractions are deposited, the disc is placed in the transmission compartment of the FTIR spectrometer and spectra are scanned from all deposited sample spots.
The results of the separations can be seen in Fig. 2 , where the Gram-Schmidt plots are compared to the wave number height chemigrams. The Gram-Schmidt plots are generated from summarizing all absorption intensities over the entire wave number region (total concentration profile) while the chemigrams present the intensity profiles for a specific absorption band, e.g., at a wave number of 1730 cm -1 for the MMA carbonyl group and at a wave number of 720 cm -1 for the ethylene units. In addition, the ethylene/MMA ratio is given as a function of retention time.
Different from the SEC profiles that are obtained with a concentration detector, the application of FTIR as the detector yields a wealth of information on the chemical composition of the copolymer samples. The ethylene/MMA ratio gives an indication of the distribution of ethylene-units over the retention time. First of all the measurements reveal that all samples contain ethylene and methyl methacrylate units. However, the distribution of these units as a function of molar mass is different from sample to sample. Secondly, the concentration profiles (Gram-Schmidt plots, black curves) obtained by SEC-FTIR in Fig. 2 are quite similar to the molar mass distributions in Fig. 1 . While samples T9 and T11 exhibit monomodal profiles, bimodal or multimodal profiles are obtained for samples T1 and T8, respectively.
A closer inspection of sample T1 in Fig. 2A shows that the distribution of ethylene units (red curve) does not correspond to the distribution of MMA units (blue curve). At short retention times (corresponding to high molar masses) only ethylene units and no MMA units are detected. Vice versa, at long retention times only MMA units are detected. This is a clear indication for the sample being a blend of two homopolymers, a high molar mass PE and a lower molar mass PMMA.
For sample T8 in Fig. 2B the situation is different. In the retention time range of 12 -20 min a correlation between the concentration profiles for the ethylene and MMA units is found. This could be an indication of the presence of an ethylene-MMA copolymer. In addition to this copolymer fraction, however, at low retention times another fraction is detected that corresponds to high molar mass PE homopolymer. The appearance of samples T9 and T11 is rather similar, as can be seen in Figs. 2C and D. For these samples only a very small amount of PE homopolymer is found at low retention times. The major amounts of the samples elute at higher retention times and contain ethylene as well as MMA units. It is interesting to see that the ethylene and MMA concentration profiles do not fully overlap. The MMA concentration profile is shifted towards lower retention times, corresponding to higher molar masses. There are three possible explanations for the observed behaviour: (1) the samples are blends of a higher molar mass PMMA and a lower molar mass PE, or, (2) the samples are heterogeneous copolymer samples with MMA-rich macromolecules at high molar masses and ethylene-rich macromolecules at low molar masses, or, (3) the samples contain copolymer and homopolymer fractions.
CRYSTAF
As was mentioned earlier, CRYSTAF is based on the crystallizability as a function of chemical composition. It is, therefore, a useful technique to differentiate the samples based on the presence of crystallizable and non-crystallizable components. The different CRYSTAF behaviour of the two homopolymers is shown in Fig. 3 , where only for PE a crystallization peak is obtained. The rectangular profile at temperatures < 25°C indicates the concentration of non-crystallizing material (soluble fraction).
As was expected, the analysis of the samples by CRYSTAF in 1,2,4-trichlorobenzene (TCB) yields information on the different crystalline fractions of the samples. PE homopolymer is highly crystalline and has a high crystallization temperature, whereas PMMA homopolymer is an amorphous material and is detected in the soluble fraction. The response of the IR detector in CRYSTAF is proportional to the concentration of the CH 2 groups in the polymer samples.
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The CRYSTAF experiments for the copolymer samples are presented in Fig. 4 . Three distinct crystallization regions are detected for all samples. At temperatures above 80°C highly crystalline material is found that gives a sharp crystallization peak. In the temperature range between 30 and 80°C less crystalline material is crystallizing in rather broad peaks. This is an indication of a significant chemical heterogeneity of these fractions. At temperatures less than 30°C the soluble fraction is appearing, i.e., material that is not crystallizing at all and stays in solution. The CRYSTAF results are in excellent agreement with the SEC-FTIR experiments. For sample T1 two different fractions are obtained, one fraction crystallizing at about 85°C and the other fraction constituting the soluble part. Based on the SEC-FTIR results it can be assumed that the first fraction corresponds to highly crystalline PE homopolymer while the second fraction is due to non-crystallizing PMMA. In sample T8, in addition to these two fractions a third fraction is obtained that crystallizes between 50 and 70°C. This fraction is tentatively assigned to crystallizing copolymer molecules.
Similar to the SEC-FTIR results, for samples T9 and T11 only very small amounts of highly crystalline PE homopolymer are detected. The major parts of the samples crystallize between 30 and 70°C and could be due to copolymer molecules. As in the other samples, there is a certain soluble part that could correspond to either PMMA homopolymer or to non-crystallizing copolymer or both. Fig. 5 . CRYSTAF curves for the copolymers using 1,1,2,2-tetrachloroethylene as solvent; IR detector operating at 3.5 µm (black curve) and 5.82 µm (blue curve, carbonyl sensor); samples: T1 (A), T8 (B), T9 (C) 8
Further insight into the complex structure of the present samples can be obtained when the CRYSTAF instrument is coupled to a selective carbonyl sensor. In the following experiments, in addition to the standard concentration detector operating at a wavelength of 3.5 µm, a carbonyl filter operating at a wavelength of 5.82 µm (corresponding to the carbonyl band at 1730 cm -1 ) is used. In this case 1,1,2,2-tetrachloroethylene is used as the solvent, which has a high infrared transparency and is an ideal solvent for the detection of carbonyl groups in polymeric samples.
The CRYSTAF experiments presented in Fig. 5 fully support the previous findings. The material that crystallizes at high temperature does not show a carbonyl response and can, therefore, unambiguously be assigned to PE homopolymer. The material that is crystallizing between 30 and 70°C is due to copolymer fractions. Only for the material that appears in the soluble fraction it cannot be decided yet if this is only PMMA homopolymer or if this fraction is a mixture of PMMA and some non-crystallizing copolymer.
LC-CC
Interaction chromatography is a very useful tool to separate complex polymers with regard to chemical composition. While at ambient working temperatures there are numerous applications for random and block copolymers, virtually nothing is known about the feasibility of high-temperature interaction chromatography. Obviously due to the fact that working temperatures of above 100°C cause a number of experimental (and instrumental) problems, it was never attempted to use interaction chromatography at high-temperatures for the separation of olefin copolymers.
Assuming that the copolymer fractions that were found in the present samples have block copolymer architectures of the type PE-block-PMMA, it would potentially be interesting to use LC-CC for the separation according to chemical composition. Unfortunately, nothing was known about LC-CC conditions for PE or PMMA at 140°C. This temperature must be used to keep the samples in solution. Since PMMA is the component in the samples with the highest solubility, it was decided to establish critical conditions for PMMA. On the other hand, these conditions must be such that PE elutes in the SEC mode.
To find the critical point of adsorption for PMMA under the conditions of high-temperature chromatography suitable stationary and mobile phases must be allocated and tested. Since PMMA is more polar than PE, in a number of experiments different polar stationary phases were investigated. As solvents for both PE and PMMA, TCB, 1,2-dichlorobenzene (ODCB) and cyclohexanone (CH) are selected. TCB is the most commonly used mobile phase for high temperature SEC of PE [17, 28] . TCB and ODCB are good solvents for PE as well as for high molar mass PMMA. If silica gel is used as the stationary phase and TCB, ODCB or CH as eluent, PE is eluted in the size exclusion mode. On the same stationary phase, PMMA is fully adsorbed from TCB as well as from ODCB, while CH desorbs PMMA from silica gel.
In a first set of experiments, binary mixtures of TCB and CH were tested as mobile phases. Fig. 6 illustrates the elution behaviour of PMMA and PE molar mass standards in TCB-CH mixtures of different compositions. At low TCB-CH ratios, e.g., 33:67 v/v, the entropic interactions in the chromatographic system are predominant and, accordingly, PMMA elutes in the SEC mode.
Vice versa, the adsorptive interactions dominate at higher proportions of TCB in the mobile phase, e.g., TCB-CH 42:58 v/v. A mobile phase composition of TCB-CH of 34.5:65.5 v/v corresponds to the critical point of adsorption for PMMA. Under these conditions PMMA standards with different molar masses elute at almost constant elution volume, see Fig. 7 . At the same time, PE elutes in the SEC mode for all mobile phase compositions, e.g., 100% TCB or TCB-CH 34.5:65.5 v/v. The LC-CC conditions for PMMA are suitable for the selective separation of PMMA and PE. Due to the fact that PMMA elutes at one elution volume irrespective of molar mass and PE elutes in the SEC mode, there is a complete separation of the elution zones of both homopolymers, as is shown in Fig. 8A . This enables to separate PE-PMMA blends of similar molar masses, as can be seen in Fig. 8B . Using the same experimental conditions, the samples under investigation are separated with regard to chemical composition. The resulting LC-CC chromatograms are summarized in Fig. 9 together with the chromatograms of polyethylenes with molar masses of 2 and 22 kg/mol. These technical PE samples exhibit rather broad elution peaks, the higher molar mass sample eluting first.
As was indicated by the SEC-FTIR and CRYSTAF measurements, there are distinct differences between the samples. For sample T1 two elution peaks are obtained. The peak at around 1.6 mL elutes in the SEC mode and can be assigned to PE homopolymer that has been found also by CRYSTAF. From the previous results, the second peak was assumed to be PMMA homopolymer, however, the shape of this peak is rather unusual. Similar to Fig. 8B it was assumed that PMMA elutes in a uniform peak at around 2.7 mL. The fact that a rather non-uniform peak with a significant tailing is obtained may have different reasons. Firstly, the PMMA macromolecules may have different end groups. Since LC-CC is very sensitive towards end groups this may result in different elution peaks. Secondly, the average pore size of the stationary phase is rather small and the exclusion limit is, therefore, at about 150 -200 kg/mol. Above the exclusion limit, the mobile phase composition does not correspond to the critical conditions and strong adsorption may occur.
The elution behaviour of sample T8 agrees nicely with the results of SEC-FTIR and CRYSTAF. At an elution volume of 1.6 mL a small peak is obtained that can be assigned to PE homopolymer. In the elution range of 2.6 -3.6 mL a broad peak appears that could be due to PMMA. The major elution peak with a peak maximum at 2.2 mL can obviously be assigned to the PE-PMMA copolymer fraction. Here, the broadness of the peak reflects the chemical composition distribution of the copolymer. As could be expected, samples T9 and T11 elute as rather uniform peaks with no indication of significant amounts of PE and PMMA homopolymers. Assuming that the copolymers have block architectures, the lower elution volume for sample T11 indicates a higher molar mass of the PE block in this sample.
To verify the present LC-CC results, a second experimental set-up was tested. Using chromatograph 2, critical conditions were also established on a Perfectsil 300 stationary phase with ODCB-cyclohexanone as the mobile phase. For the phase system, the critical conditions for PMMA correspond to an eluent composition of ODCB-CH 43:57 v/v, see Fig. 10 .
The chromatograms obtained for the copolymer samples are presented in Fig. 11 . These chromatograms are in excellent agreement with the chromatograms shown in Fig. 9 . Unfortunately, with the present phase system the appearance of a negative system peak at around 3.2 mL cannot be avoided, see arrows in Fig. 11 . The ELS detector seems to have an evaporation problem near the critical point at 3.2 mL. A detailed explanation for this behaviour cannot be given at this early stage of development of HPLC methods at high temperature.
Similar to Fig. 9 , sample T1 shows a bimodal peak pattern where the first peak can be assigned to PE homopolymer. The second peak is due to PMMA and shows a strong peak tailing, as was found and explained previously. Sample T8 exhibits an elution peak at 1.8 mL that can be assigned to PE and a tailing elution peak between 3.5 and 6 mL that is assigned to PMMA. The major peak at 2.7 mL corresponds to the copolymer peak. Finally, samples T9 and T11 appear mainly as copolymer peaks with small indications of PE and PMMA homopolymers. 
For the liquid chromatographic measurements under critical conditions two chromatographic systems were used:
(1) High-temperature chromatograph Waters 150C (Waters, Milford, USA) equipped with a column of Nucleosil 300, 25 x 0.46 cm I.D., particle diameter 5 µm (MachereyNagel, Düren, Germany). The temperatures of the column oven and the injector compartment were set to 140°C. The column outlet was connected with an evaporative light scattering detector (ELSD, model PL-ELS 1000, Polymer Laboratories, Church Stretton, England) working at a nebulization temperature of 200°C, an evaporation temperature of 270°C and with an air flow of 1 L/min. The eluent flow rate was 1 mL/min. Mobile phases were prepared by manual mixing of precise volumes of single solvents.
(2) High-temperature gradient chromatograph prototype PL XT-220 [29] (Polymer Laboratories, Church Stretton, England) with a column of Perfectsil 300, 25 cm x 0.46 cm I.D., particle diameter 5 µm (MZ Analysentechnik, Mainz, Germany). A customized evaporative light scattering detector (ELSD, model PL-ELS 1000, Polymer Laboratories, Church Stretton, England) working at a nebulization temperature of 160°C, an evaporation temperature of 270°C and with an air velocity of 1.5 L/min was used as detector. The eluent flow rate was 1 mL/min. Mobile phases were prepared by mixing of the solvents with the gradient pump, which is a part of chromatograph PL XT-220. A robotic sample handling system (PL-XTR, Polymer Laboratories, Church Stretton, England) was applied for sample preparation and injection.
For data collection and processing the software package 'WinGPC-Software' (Polymer Standards Service, Mainz, Germany) was used.
SEC-FTIR
A LC-transform Model 300 (LabConnections, Round Rock, USA), coupled to a Waters 150C chromatograph equipped with a set of 3 Styragel columns (HT2+HT4+ HT6) was used. The stage temperature was 160°C, the temperature of the nozzle 125°C and the transfer line was operated at 140°C. The rotating speed of the Germanium disc was 10°/min. FTIR spectroscopy of the deposited eluate was performed using a Nicolet Protegé 460 spectrometer. A Nicolet FTIR, model Nexus, was used for off-line IR analysis of the samples.
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The following absorption bands in the FTIR spectra were used for quantification: 1730 cm -1 (related to carbonyl groups of MMA) and 720 cm -1 (related to rocking vibrations of methylene groups for ethylene units).
CRYSTAF
A CRYSTAF apparatus Model 200 (PolymerChar, Valencia, Spain) was used for the fractionations at a cooling rate of 0.1°C/min. 20 mg of sample were dissolved in either 30 mL of 1,2,4-trichlorobenzene or 1,1,2,2-tetrachloroethylene. In the case of 1,2,4-trichlorobenzene an infrared detector for CH 2 monitoring (operating wavelength 3.5 µm) was used; with 1,1,2,2-tetrachloroethylene the infrared detector was used as carbonyl sensor (operating wavelength 5.82 µm).
Mobile phases
1,2,4-Trichlorobenzene (TCB), 1,2-dichlorobenzene (ODCB), cyclohexanone (CH) and 1,1,2,2-tetrachloroethylene (Merck, Darmstadt, Germany) were used as mobile phases.
Polymer samples
Polyethylene (PE) and poly(methyl methacrylate) (PMMA) standards were obtained from Polymer Standards Service, Mainz, Germany. PE samples with average molar masses of 260 and 500 kg/mol were obtained from PCD, Linz, Austria.
Samples of ethylene-block-methyl methacrylate copolymers were synthesized at the Institute for Technical and Macromolecular Chemistry, RWTH, Aachen, Germany, in the group of H. Höcker [6] . The average chemical composition of the copolymers was estimated by means of NMR in Aachen. The measurements [6, 30] confirmed that the copolymers have block architectures.
Conclusion
Samples of ethylene-block-methyl methacrylate copolymers were separated and characterized by several analytical techniques. While SEC with RI detection indicated a certain multimodality of the samples, SEC coupled with FTIR revealed that the samples are chemically inhomogeneous and may contain homopolymer and copolymer fractions. The presence of PE and PMMA homopolymers in the copolymer samples was confirmed by CRYSTAF analysis, when the total concentration as well as the carbonyl group distribution was monitored separately.
Chromatographic separation of the different sample components was achieved when liquid chromatography at critical conditions was used. For the first time, true hightemperature LC-CC methods were developed operating at a column temperature of 140°C. As the stationary phase silica gel was used, suitable mobile phases were binary mixtures of TCB or ODCB with cyclohexanone. Using the LC-CC methods, the samples were separated into the copolymer and homopolymer fractions.
According to our knowledge, this is the first time that copolymers of ethylene were analyzed by liquid chromatography under critical conditions. A quantitative evaluation of the presented results will require additional efforts and new measurements and will be subject of a forthcoming publication.
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